Host factors involved in Chlamydia trachomatis pathogenesis were investigated by random chemical mutagenesis of Chinese hamster ovary (CHO-K1) cells followed by selection for clones resistant to chlamydial infection. A clonal mutant cell line, D4.1-3, refractory to infection by the C. trachomatis L2 serovar was isolated. The D4.1-3 cell line appears to be lacking in a previously undescribed temperature-dependent and heparinresistant binding step that occurs subsequent to engagement of cell surface heparan sulfate by L2 elementary bodies. This novel binding step differentiates the lymphogranuloma venereum (LGV) serovar from other serovars and may contribute the different pathologies associated with LGV and non-LGV strains.
Strains of Chlamydia trachomatis are the etiologic agents of the most common form of sexually transmitted disease in the United States and of preventable blindness worldwide (21) . Chlamydiae are obligate intracellular parasites that possess a unique biphasic life cycle. Infection of a host cell is initiated by the elementary body (EB), which is a metabolically inactive form, while multiplication is achieved by the noninfectious but metabolically active reticulate body. Intracellular survival of chlamydiae occurs within a specialized parasitophorous vacuole, termed an inclusion, that is neither acidified nor fusogenic with lysosomes (18) . After infection, an EB very quickly dissociates itself from the endosomal/lysosomal pathway and translocates to the peri-Golgi region, where it begins to intercept exocytic vesicle containing sphingomyelin. The processes of dissociation and translocation depend on chlamydial de novo transcription and synthesis of proteins that are thought to modify the inclusion membrane leading to restricted fusogenicity with the lysosomes (11, 12, 22) .
Because of the obligate intracellular nature of chlamydiae, the ability to attach to and enter susceptible host cells is an unconditional requirement. Presently, relatively little is known about the chlamydial entry process. Their obligate intracellular lifestyle, coupled with a lack of a genetic system, poses a formidable barrier in identifying the virulence factors involved in the pathogenesis of this organism. One of the principal virulence factors that would indeed be of great importance in understanding chlamydial pathogenesis, as well as offering a potential target for prophylactic intervention, is the bacterial adhesin. Presently, a number of distinct surface molecules have been proposed to function as adhesins in the attachment of chlamydiae to host cells. They include the major outer membrane protein (23, 24) , heat shock protein 70 (Hsp70) (20) , OmcB (Omp2) (26) , and heparan sulfate (HS)-like glycosaminoglycans (GAGs) (29) . Definitive identification of the virulence factors continues to be a challenge.
A number of laboratories have attempted to complement this approach by examining the chlamydial infection process from the perspective of the host cell. Like many viral and bacterial pathogens, some chlamydiae have been shown to require cell surface HS proteoglycans for attachment to host cells (6, 7, 8, 23) . Inhibition of infection by exogenous heparin as well as the use of cell lines defective in the synthesis of HS has shown that, at least for some serovars of chlamydia, HS is a requirement for successful infection. However, steps in the infection process subsequent to cell surface attachment that may be unique to chlamydia have not been identified. We addressed this question by conducting random chemical mutagenesis of CHO-K1 cells using ethyl methane sulfonate (EMS) as the mutagen and by isolating clones that had become resistant to chlamydial infection. As a selective agent, we took advantage of the rapid and lytic nature of the C. trachomatis serovar L2 developmental cycle. We have isolated a clonal cell line, D4.1-3, that displays resistance to L2 infection. In this paper, we present a detailed characterization of the resistant phenotype of this novel mutant cell line and demonstrate the existence of a previously undescribed step in chlamydial attachment.
Monolayers of CHO-K1 cells growing in T-150 flasks were mutagenized for 24 h with 400 g of EMS/ml in RPMI 1640 medium without fetal bovine serum. After the mutagenesis, high levels of cytotoxicity were observed in all flasks, but a number of surviving CHO cells remained. The mutagenizing medium was removed and replaced with RPMI 1640 medium supplemented with 10% fetal bovine serum, and the cells were allowed to recover and repopulate the flasks for 5 days, at which time there were approximately 5 ϫ EBs. Because the number of cells remaining was much lower than that of the starting population, the effective MOI was very high. A total of three rounds of selection were performed. Cells were allowed to recover to subconfluence between the rounds of selection. Cells without inclusions were observed after the third round of selection and appeared as individual foci. The surviving cells were trypsinized and replated onto 100-mm-diameter tissue culture plates and allowed to grow into foci. Each focus of cells was isolated using a cloning cylinder and plated onto a well in a 24-well plate and allowed to grow for 72 h. A second round of cloning was performed using the method of limiting dilution. A total of 96 clones were isolated, and their resistant phenotype was verified by infection with L2 EBs; 38 clonal lines retained their resistance. One clone, designated D4.1-3, showed the most dramatic resistant phenotype and was characterized further. PCR analysis of this clone using dnaE as a target failed to detect chlamydial DNA. In addition, serial passages (Ͼ160 times) of this cell line failed to induce appearance of inclusions; thus, the cell line appeared to be different from the persistently infected cells described by Moulder and colleagues that were also refractory to superinfection (19) .
Elementary bodies of C. trachomatis serovars L2, B, D, and MoPn were used to infect wild-type and D4.1-3 mutant cells. The cells were preincubated for 20 min with 42 g of DEAEdextran/ml, which increases the efficiency of infection by serovars B, D, and MoPn. Figure 1 shows the number of inclusions, expressed relative to values obtained for wild-type CHO-K1 cells, to allow for direct comparisons between cell lines among all serovars. The mutant cell line remained sensitive to infection by serovars B, D, and MoPn, while retaining its phenotype resistant to L2 infection. Also, the resistance of D4.1-3 to L2 infection was not affected significantly by DEAE-dextran preincubation (data not shown). Resistance to infection appeared to be specific to the lymphogranuloma venereum (LGV) biovar. Similar to that by serovar L2, infection by the L1 and L3 serovars was approximately 20-fold less efficient than that by wild-type CHO-K1 cells (data not shown). Thus, it appears that the D4.1-3 mutation confers resistance to infection by other members of the LGV biovar, indicative of a common mechanism of infection.
To identify the step in the infection process, i.e., attachment, entry, or intracellular growth, which was disrupted in the D4.1-3 mutant cell line, events at very early time points (10 min postinfection) were investigated using immunofluorescence microscopy. Wild-type CHO-K1 and D4.1-3 mutant cells were inoculated with L2 or D EBs (MOI ϭ 100) at 4°C for 1 h to allow for attachment. Uptake was induced by incubation at 37°C for 10 min, after which the cells were rinsed with cold heparin solution (2 g/ml) three times to remove surfaceassociated EBs (see below). The samples were then incubated with a polyclonal antibody that recognizes both L2 and D EBs. Figure 2 demonstrates the markedly reduced number of L2 EBs observed on D4.1-3 cells, while the numbers of serovar D EBs associated with wild-type and mutant cells were comparable.
Previous studies have shown a requirement for HS-like GAGs in the attachment of C. trachomatis L2 and MoPn, as well as Chlamydia psittaci serovar GPIC (6, 7, 8, 23, 26) . Lack of cell surface HS in the D4.1-3 cells would result in its resistance to infection by serovar L2. We therefore compared the phenotypes of wild-type CHO-K1 and D4.1-3 with that of pgsA-745 cells, a cell line derived from CHO-K1 that is unable to synthesize GAGs (9) and displays reduced attachment of C. trachomatis (23) . We performed an inclusion-forming assay using both L2 and MoPn EBs on wild-type CHO cells and the two mutant cell lines. Figure 3 shows the resistance of pgsA-745 cells to infection by both L2 and MoPn. In contrast, the D4.1-3 mutant exhibited resistance only to L2 infection. Therefore, the D4.1-3 mutant appears to be different from the GAGdeficient pgsA-745 cell line. The susceptibility of D4.1-3 cells to serovar MoPn, along with the significant resistance of the GAG-deficient pgsA-745 cell line to MoPn infection, indicates that the mutation conferring the resistant phenotype of D4.1-3 to L2 infection is not associated with a defect in the synthesis of GAG. To distinguish the processes of chlamydial attachment and internalization, we employed paraformaldehydefixed cells, prepared by a modification of the protocol described by Hatch et al. (13) , to inhibit the process of internalization without disruption to the attachment step. Briefly, cells were fixed with freshly prepared 4% paraformaldehyde for 40 min at room temperature. The cells were rinsed with phosphate-buffered saline three times, and the remaining paraformaldehyde was neutralized by incubation with 10 mM NH 4 Cl for 30 min at 4°C, followed by an incubation with 3% bovine serum albumin for 30 min at 4°C. The inhibition of chlamydial internalization was confirmed by electron microscopy (data not shown). Viable and paraformaldehyde-fixed CHO cells were incubated with 14 500 and were incubated at 4 or 37°C for 30 min. Figure 4 demonstrates the efficacy of heparin in removing surface-associated EBs from both live cells and cells incubated at 4°C. Following incubation at 37°C, however, heparin is ineffective in removing EBs associated with either live or fixed cells. In live cells, this observation can be attributed to the concomitant internalization of bound EBs. In contrast, a high level of 14 CEBs remains associated with paraformaldehyde-fixed cells even after the heparin wash. Taken together, the data indicate that a heparin-resistant association of EBs to host cells occurs at 37°C and that washing with exogenous heparin distinguishes an initial, reversible stage followed by an irreversible step that is temperature dependent.
To further investigate this apparent additional step in chlamydial attachment, we characterized the binding of 14 C-labeled EBs to paraformaldehyde-fixed CHO, D4.1-3, and pgsA-745 cells. By monitoring remaining EBs associated with the fixed cells, we could detect and quantify the existence of the hypothesized secondary binding after washing with HBSS and heparin-HBSS to distinguish reversible and irreversible attachment, respectively. In Fig. 5A , in which the formation of both GAG-dependent and independent binding was monitored, the slopes of the lines generated by wild-type and D4.1-3 cells were similar (m ϭ 172 versus 148). However, the slope generated by the data set obtained from GAG-deficient cells (m ϭ 53) was significantly lower than that for either wild-type or D4.1-3 cells. These results confirm the HS requirement for L2 EB attachment and support our conclusion that the D4.1-3 cell line is distinct from the GAG-deficient pgsA-745 cell line.
We then used a more stringent wash that included 2 g of heparin/ml in HBSS (Fig. 5B) . In contrast to wild-type CHO-K1 cells, D4. Taken together, the binding kinetics demonstrate that chlamydial attachment to host cell surfaces can be dissected into at least two steps: (i) reversible binding to cell surface GAGs and (ii) irreversible attachment to an unknown cell surface component subsequent to GAG binding. EMS mutagenesis of CHO cells has been used extensively to dissect the genetic components involved in biological processes, such as regulation of cholesterol metabolism (17) , resistance to viral pathogens (1, 16, 25) , and GAG biosynthesis (9) . Here we demonstrate the utility of this technique in identification of host factors that are involved in chlamydial infection and provide a detailed description of a novel CHO cell mutant that is resistant to chlamydial infection. The cellular basis for this resistance is the inability of the host cell to fully support attachment, specifically, at a previously undescribed binding step downstream of GAG binding. This newly discovered step in chlamydial attachment is resistant to dissociation by exogenous heparin, although the formation of this binding may require the prior engagement of EB particles by cell surface HS. The data supports a model of LGV attachment that involves an initial, reversible step likely mediated by electrostatic interactions with HS-like GAGs, followed by an irreversible step involving binding to an as-yet-unknown receptor that mediates the actual entry process. A similar model of attachment has been proposed by Su et al., with MoPn major outer membrane protein being a critical component responsible for at least the initial electrostatic interactions with cell surface HS (23) . The present result, however, would suggest that the secondary receptor differs between serovars L2 and MoPn. Such a mechanism is reminiscent of that described for varicella-zoster virus, where GAG mediates an initial attachment to host cell surfaces but where endocytosis is dependent upon binding to the mannose-6-phosphate receptor (30) . The identity of the host cell receptors that mediate chlamydial entry remains to be identified.
Human strains of C. trachomatis are placed into two biovars, LGV and trachoma, that differ clinically and biologically. In vitro, the biovars are distinguished by their interactions with cultured cells. Whereas attachment and entry of the trachoma biovar are enhanced by DEAE-dextran or centrifugation of the inoculum onto the monolayer, the LGV biovar is unaffected by these treatments. In addition, polyanions, such as heparin or dextran sulfate, inhibit LGV attachment much more efficiently than they do trachoma biovars (2, 3, 6, 7, 14, 15) . It has long been suspected that chlamydiae, as obligate intracellular parasites, may have adapted to exploit multiple means of entry. That LGV strains preferentially utilize receptors different from those used by trachoma strains is further demonstrated by the inability of the different biovars to competitively inhibit binding of each other (14, 28) . However, this finding is not consistent between laboratories, with some groups observing sufficient competition between LGV and trachoma biovars to suggest that they interact with common receptors (6, 27) . The D4.1-3 mutation specifically reduced attachment by members of the LGV biovar but not by serovars D, B, and MoPn. This difference in susceptibility may be indicative of different receptor utilization consistent with the proposed HS-dependent and independent binding of the distinct C. trachomatis biovars. Different receptor utilization may contribute to the differences in the pathologies associated with infections by the LGV and trachoma biovars. In contrast to members of the trachoma biovar, which are localized to ocular and genital mucosal surfaces, members of the LGV biovar penetrate the surface epithelium and the submucosa to initiate systemic infection and lymphadenopathy. Differential expression of the LGV-or trachoma-specific secondary receptors in vivo would reflect the pathologies associated with each biovar. A similar hypothesis has been proposed by Wyrick and colleagues (28) , attributing the colonization and infection of the submucosal layer by the L2 serovar, which is primarily a submucosal pathogen, to the enrichment of HS in the extracellular matrix (4) . In addition to restricted cell surface expression of HS, one could also envision the secondary receptor providing an additional level of specificity that further defines the differences in pathology associated with LGV and non-LGV serovars.
Unlike the case for many bacterial pathogens, there are no existing means of stably introducing recombinant DNA into chlamydiae to definitively test chlamydial proteins that are candidates for adhesins. Furthermore, because chlamydiae are obligate intracellular pathogens, generating unconditional mutants that are defective in attachment is not possible. We have mutagenized the host cell in an effort to determine host factors that are involved in chlamydial infection, with the hope of utilizing new information gained from these experiments to identify chlamydial virulence factors. Distinct CHO cell mutants collectively identify two stages in the attachment process. The pgsA-745 mutant cell line (9) is deficient in host cell surface GAG expression and therefore displays diminished attachment of those chlamydial strains that require HS-like GAGs for their initial interaction (6, 7, 8, 23, 24) . The D4.1-3 cell line represents a different category of mutants that support the initial electrostatic interaction of LGV strains with the cell surface but do not progress to a secondary irreversible binding. The CHO cell mutagenesis experiments described here generated a number of mutants that demonstrate significant levels of resistance to L2 infection. Mutants affected in additional stages of chlamydial infection, such as entry or intracellular growth, may be represented in our panel of CHO cell mutants, thus making these cell lines potentially invaluable in elucidating chlamydial biology. 14 C-labeled L2 EBs in 200 l of HBSS (Ϸ2.4 ϫ 10 4 cpm) were added to each well. The radioactive inoculum was removed at the indicated times after incubation at 37°C, and the cells were rinsed three times, either with HBSS alone (A) or supplemented with 2 g of heparin/ml (B) (USB, Cleveland, Ohio). The fixed cells were solubilized with 2% sodium dodecyl sulfate in phosphate-buffered saline, and associated radioactivity was monitored by scintillation counting. The data was plotted using Cricket Graph version 1.5.1 Data are from triplicates and are represented as mean Ϯ standard deviation. 
